Three qnrS2-containing isolates of Pseudoalteromonas and Shewanella were collected from the seawater samples of Qingdao in China during 2014. They displayed resistance to ampicillin, ciprofloxacin, kanamycin, nalidixic acid and sulfamethoxazole. The qnrS2 genes were identified in the chromosomes of Pseudoalteromonas strains E8 and S16, and in a 140-kb plasmid in Shewanella strain S14, respectively. In addition, two copies of qnrS2 were identified in the strain E8. Sequence analyses revealed that there was an identical DNA segment located in the downstream of qnrS2 in strain S14 and E8, coding for a TetR transcriptional regulator, two putative integrases and a hypothetical protein. However, different genetic structures were identified in the upstream sequences: the terB gene associated with tellurite resistance in the strain S14, and a putative integron with dfrA6 and aadA13 gene cassettes or the Tn7-related gene complex tnsABC in the strain E8. In Pseudoalteromonas strain S16, qnrS2 was bracketed by the endonuclease I and III genes, and the electron transport complex rsxCDGE was located in the upstream sequences. This is the first report of two copies of the qnrS2 gene existing in one bacterial chromosome, and also the first identification of qnrS2 in Shewanella.
INTRODUCTION
Quinolones are one kind of major prescribed antimicrobial agents in clinical and veterinary medicines around the world. They can bind to the bacterial DNA gyrase and topoisomerase IV to prevent DNA replication and result in cell death. Overuse and extensive use result in the increasing appearance of quinolone-resistant bacteria in clinical settings. In addition, non-therapeutic use of quinolones in animal husbandry and aquaculture also arouses quinolone-resistant bacteria in food animals (Marshall and Levy 2011) . Undecomposed quinolones and their metabolites can enter natural environments through hospital effluents and municipal sewages, and persist for a long time (Kümmerer 2009 ). As a consequence, they pose a selection pressure for environmental bacterial community and lead to the propagation of quinolone-resistant bacteria in natural environments (Jechalke et al. 2014; Flach et al. 2015) .
Quinolone resistance mechanisms include target-site gene mutations, increased expression of efflux pumps, and production of modifying enzymes and target-protection proteins (Redgrave et al. 2014) . They involve the chromosomeencoded and plasmid-mediated quinolone resistance (PMQR), among which PMQR has attracted global concern in recent 15 years. So far, three PMQR mechanisms have been identified: target protection by Qnr proteins, drug inactivation by AAC(6 )-Ib-cr, and drug efflux by QepA and OqxAB (Jacoby, Strahilevitz and Hooper 2014) . Although they confer only low-level resistance to quinolones, acquisition of PMQR determinants can enhance the selection of relevant chromosome-encoded resistance determinants that will confer the additional resistance to quinolones. Moreover, PMQR genes can be associated with other resistance genes of different antibiotics, such as β-lactams, in the same plasmid and horizontally transfer between bacterial species (Flach et al. 2015) . Therefore, PMQR has become a serious threat to public health.
The qnr genes are the most prevalent PMQR genes in the current world, which have been identified in bacterial isolates from clinical settings, food-producing animals, wild birds, companion animals, hospital effluents, wastewater treatment plants, freshwater and seawater (Zhang et al. 2012; Zhao and Dang 2012; Han et al. 2012a; Anssour et al. 2014; Marti et al. 2014; Xu et al. 2014; Jamborova et al. 2015) . Qnr proteins can bind to the DNA gyrase and topoisomerase IV to prevent them from quinolone inhibition. In addition to a range of plasmids belonging to different incompatibility groups, qnr genes are also detected in some bacterial chromosomes. In particular, some qnrA, qnrS and qnrC homologs have been detected in the chromosomes of Aeromonas, Photobacterium, Shewanella and Vibrio. These qnr genes are presumed to originate from aquatic bacteria (Jacoby, Strahilevitz and Hooper 2014) . Therefore, isolation and characterization of quinolone-resistant aquatic bacteria will help to gain a better understanding of the dissemination and evolution of qnr genes.
This study isolated three qnrS2-containing strains (two Pseudoalteromonas strains and one Shewanella strain) from seawater samples in China, and aimed to characterize the localizations and genetic contexts of qnrS2 in these isolates.
MATERIALS AND METHODS

Isolation and detection of the qnr-positive bacteria
Two water samples in this study were aseptically collected from the surface seawater near the First Swimming Beach of Qingdao (36.05 • N, 120.33 The bacterial DNA was extracted using a rapid boiling method (De Medici et al. 2003) and the qnr genes (qnrA, qnrB, qnrC, qnrD and qnrS) were screened by a previous PCR method (Zhao and Dang 2012) . Subsequently, the complete sequences of the qnr genes in qnr-positive isolates were further amplified and sequenced to determine the gene alleles.
Bacterial identification
The 16S rRNA gene was amplified and sequenced using the primers 27F and 1492R (Weisburg et al. 1991) . The nucleotide sequences were compared with the similar sequences of the reference organisms in EzTaxon (http://www.ezbiocloud.net/ eztaxon). Subsequently, a phylogenetic tree was constructed by MEGA6 using the neighbor-joining method with a bootstrapping test of 1000 replicates (Tamura et al. 2013) .
Antimicrobial susceptibility testing
The antimicrobial agents tested in this study included ampicillin, cefotaxime, ciprofloxacin, kanamycin, meropenem, nalidixic acid, sulfamethoxazole and tetracycline. Antimicrobial susceptibility testing was performed using the microdilution method, and interpreted according to the recommendations for other non-Enterobacteriaceae by the Clinical and Laboratory Standards Institute (Clinical and Laboratory Standards Institute 2015) . Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 were used as the quality control strains.
Screening for other antimicrobial resistance genes
A range of antimicrobial resistance genes were screened by PCR, including the extended spectrum β-lactamase genes (bla CTX-M , bla OXA , bla SHV and bla TEM ) (Dutour et al. 2002; Colom et al. 2003 (Fouhy et al. 2014) , tetracycline resistance genes (tetA-E and tetG) (Jun et al. 2004 ) and dihydropteroate synthase genes (sul1-3) (Bibbal et al. 2009 ). The resistance gene amplicons were determined by DNA sequencing.
The quinolone resistance-determining regions (QRDRs) of the gyrA, gyrB, parC and parE genes in the chromosome were also amplified by PCR using the primers described in Table S1 (Supporting Information), and sequenced to analyze the potential mutations.
Localization and transfer of the qnrS genes S1-pulsed field gel electrophoresis (S1-PFGE) and I-CeuI-PFGE analyses were performed to elucidate the location of qnrS in the isolates (Liu, Hessel and Sanderson 1993; Barton, Harding and Zuccarelli 1995) . The genomic DNA was prepared in agarose blocks, digested with S1 nuclease or I-CeuI, and then separated in a 1% agarose gel in Tris-borate-EDTA buffer using a CHEFMapper XA PFGE system (Bio-Rad, USA). The separated DNA fragments in gel were transferred to a nylon membrane, and hybridized with specific probes for qnrS and 23S rRNA genes (Hunt et al. 2006) .
Conjugation and transformation experiments were carried out to analyze the transfer capability of the qnrS-positive plasmid. Conjugation experiments were conducted both in liquid medium and on solid surface, and E. coli J53Azi R (resistant to sodium azide) was used as the recipient. Equal volumes of donor and recipient cells were mixed in the TSBNa medium (15 g L −1
casein peptone, 5 g L −1 soy peptone, 10 g L −1 NaCl in distilled water) or on the TSBNa plate, and incubated at 30
h. Transconjugants were selected on TSA plates supplemented with 100 mg L −1 sodium azide and 0.06 mg L −1 ciprofloxacin.
E. coli HD0149 (Zhao et al. 2015) was used as the control strain. 
Genetic environments of the qnrS genes
Different restriction enzymes (BamHI, ClaI, EcoRI, EcoRV, HindIII, KpnI, PstI, SacI, SalI and XbaI) were individually used to digest the genomic DNA of the qnrS-positive isolates. The digested DNA fragments were ligated to the cloning vector pSP72 (Promega, USA), and then transformed to the competent E. coli TOP10 cells. E. coli transformants were selected on LB plates containing 0.06 mg L −1 ciprofloxacin, and the recombination plasmids were sequenced. Genetic contexts of qnrS were further determined by PCR mapping. The observed DNA insert sequences were searched against the available databases using BlastN and BlastX. Sequence alignments were conducted using ClustalX 1.8.1 and EasyFig 2.1. The potential open reading frames (ORFs) were predicted using Prokaryotic GeneMark.hmm (Lukashin and Borodovsky 1998) .
Nucleotide sequence accession numbers
The nucleotide sequences determined in this study have been submitted to GenBank with the accession numbers KX756552-KX756558 and KY122030-KY122041.
RESULTS
Strain features
A total of 78 isolates were collected from the seawater samples (33 isolates near the First Swimming Beach of Qingdao and 45 isolates in the Tangdao Bay), and screened for qnr genes. The qnrS genes were found in three isolates (strains E8, S14 and S16, Table 1) , and other qnr genes were not found. Subsequently, the complete sequences of the qnrS genes in three isolates showed that they all belonged to qnrS2 (Fig. S1 , Supporting Information). The 16S rRNA genes were amplified and sequenced for further bacterial characterization. Based on sequence alignments in EzTaxon website, the 16S rRNA gene sequence of strain S14 revealed 100% identities to that of Shewanella colwelliana type strain ATCC 39565. The 16S rRNA gene sequences of strains E8 and S16 revealed the highest 99.85% and 99.93% identities to those of Pseudoalteromonas marina type strain Mano4 and Pseudoalteromonas carrageenovora type strain ATCC 12662, respectively. A tree constructed by MEGA6 further verified their phylogenetic affiliations (Fig. 1) .
The identification of qnrS2 in the above-mentioned environmental strains prompted us to check whether the presence of the genotype translated to a resistant phenotype. To understand this, we applied antibiotic susceptibility testing to all the isolates, and found that three qnrS-positive isolates were all resistant to ampicillin, ciprofloxacin, kanamycin, nalidixic acid and sulfamethoxazole (Table 2 ). In addition, strains E8 and S14 were also resistant to tetracycline. A range of antimicrobial resistance genes were screened according to the resistance profiles. The sul1 gene was found in the strain S14, the sul1 and aacA4 genes were found in the strain S16 and the sul1 and sul2 genes were found in the strain E8.
Compared with the QRDRs of DNA gyrases and topoisomerases IV from Pseudoalteromonas and Shewanella strains in GenBank database, one amino acid substitution was present in the QRDRs of GyrA (S83T) in the strain S14.
qnrS2 was found to be present both in chromosome and plasmid At first, we used the alkaline lysis method to isolate plasmids in three isolates, and found that only strain S14 harbored circular plasmids. Subsequently, we carried out S1-PFGE and I-CeuI-PFGE experiments to identify where the qnrS2 gene was located in three isolates (Fig. 2) . DNA blotting using the DIG high prime DNA labeling and detection starter kit II (Roche, Germany) revealed that qnrS2 was located in a ca. 140-kb plasmid in the strain S14, and in the chromosome of the strain S16. Surprisingly, two copies of qnrS2 were detected in the chromosome of the strain E8.
In order to investigate the qnrS2-containing plasmid in the strain S14, conjugation and transformation experiments were performed, but both failed. This qnrS2-positive plasmid seemed to be unable to transfer or replicate in E. coli recipients.
Different genetic contexts of qnrS2 were identified in three isolates
In order to analyze the flanking sequences of qnrS2 in three isolates, we carried out subcloning experiments. Three recombination plasmids containing the qnrS2 gene in the strain S14 were observed and sequenced. A total of 10 015-bp DNA sequences were assembled and analyzed (Fig. 3 ). There were four ORFs, encoding a TetR family transcriptional regulator (TetR), two putative integrases (IntP1 and IntP2) and a hypothetical pro- Figure 1 . Phylogenetic tree of 16S rRNA genes of strains E8, S14 and S16 in this study. The reconstruction is computed by the neighbor-joining method with a bootstrapping test of 1000 replicates using MEGA6. The GenBank accession numbers of the reference sequences are labeled in parentheses. Two recombination plasmids pE8-RC and pE8-RH containing the qnrS2 gene in the strain E8 were observed, harboring 7.4-kb and 7.6-kb DNA inserts, respectively. In plasmid pE8-RC, there was a putative integron located in the upstream sequences of qnrS2, containing a putative integrase gene (intV) and two resistance gene cassettes dfrA6 and aadA13. The IntV protein revealed 98% identities with the integrases from different Vibrio strains, but only 65%, 78% and 62% similarities with the typical integrases IntI1, IntI2 and IntI3, respectively. In plasmid pE8-RH, there were three Tn7-related genes (tnsABC) and the glmS gene (encoding the glutamine-fructose-6-phosphate transaminase), located in the upstream sequences of qnrS2. TnsA, TnsB and TnsC proteins showed 72%-75% identities with the Tn7 transposition protein A, B and C from Glaciecola sp. HTCC2999.
In addition, an identical DNA fragment, coding for a hypothetical protein and a putative integrase, was located in the downstream sequences of qnrS2 in plasmids pE8-RC Figure 2 . PFGE (a) and DNA blotting with qnrS2 (b) or 23S rRNA gene (c) probe. Lane M: lambda ladder PFGE marker; lane 1, 3, 5: genomic DNA of strains E8, S16, S14, respectively, digested by S1 nuclease; lane 2, 4, 6: genomic DNA of strain E8, S16, S14, respectively, digested by I-CeuI. and pE8-RH, which was also identical to partial downstream sequences of qnrS2 in the strain S14. Therefore, we used the observed DNA sequences of the strain S14 as reference, and designed specific primers targeting tetR and aadA13 or tnsC gene (Table S1 , Supporting Information) to further amplify the downstream sequences of qnrS2 in the strain E8 by PCR mapping. Sequence alignments revealed that a gene complex of tetR-intP1-orfX-intP2-qnrS2 was detected as two copies in the strain E8 (Fig. 3) , consistent with the I-CeuI-PFGE and DNA blotting results.
A recombination plasmid with an 8487-bp DNA insert containing the qnrS2 gene in the strain S16 was observed (Fig. 4) . Sequence analysis revealed that there were a gene cluster rsx-CDGE encoding the electron transport complex subunits, and an endonuclease III gene located in the upstream of qnrS2, which showed 90% identities with the chromosomal sequences of Pseudoalteromonas issachenkonii KCTC 12958 (GenBank accession no. CP013350). The endonuclease I gene endA and DNA polymerase V gene umuD were located in the downstream of qnrS2, which showed 88% identities with the chromosomal sequences of Pseudoalteromonas translucida KMM 520 (GenBank accession no. CP011034). But the qnrS2 gene was not detected in these above two Pseudoalteromonas strains.
DISCUSSION
This study collected three qnrS2-positive isolates of Pseudoalteromonas and Shewanella from the seawater samples in Qingdao, China. In previous investigations, qnrS2 was detected mainly in Aeromonas spp. isolates (Marti et al. 2014; Varela, Nunes and Manaia 2016) , and rarely in isolates of Citrobacter freundii, E. coli, Klebsiella pneumoniae, Pseudoalteromonas, Pseudomonas and Salmonella (Pérez-Moreno et al. 2011; Zhang et al. 2012; Zhao and Dang 2012; Xu et al. 2014) . To the best of our knowledge, this is the first identification of qnrS2 in Shewanella species.
In addition, qnrS2 is commonly located in IncQ, IncU and ColE-type plasmids (Han et al. 2012b; Wen et al. 2016) . In these plasmids, qnrS2 is presumed to function as a mobile insertion cassette (mic), which is lack of transposase genes, but bracketed by 22-bp imperfect inverted repeats and 5-bp direct repeats. However, sequence analysis of genetic contexts of qnrS2 in three isolates in this study did not find this mic structure, indicating that distinct mobile elements were involved in the qnrS2 dissemination in Pseudoalteromonas and Shewanella strains.
In P. marina strain E8 and S. colwelliana strain S14, a specific genetic structure containing four ORFs, coding for one TetR family transcriptional regulator (TetR), two putative integrases (IntP1 and IntP2) and one hypothetical protein (OrfX), is located downstream of qnrS2 (Fig. 3) , suggesting that these genes co-transfer with qnrS2. Identification of this novel structure in the genetic contexts of qnrS2 in two different bacterial species probably illustrates that there is a distinctive diffusion manner of qnrS2 in marine microflora.
Search against the available sequences in GenBank database revealed that a similar genetic structure (tetR-intP1-orfX-intP2) was also present in the chromosome of Shewanella frigidimarina NCIMB 400 (GenBank accession no. CP000447), but qnrS2 was not identified in this strain. Additionally, TetR, IntP1, OrfX and IntP2 proteins in strains E8 and S14 show more than 99% identities to those functional proteins of Pseudoalteromonas and Vibrio origins, but they are quite different from the corresponding proteins in S. frigidimarina NCIMB 400, indicating that they might originate from different ancestors, but organize in the same pattern.
Subcloning and sequence analysis revealed that two copies of qnrS2 associated with the above novel genetic structure were present in the chromosome of the strain E8. Likewise, two copies of this structure (tetR-intP1-orfX-intP2) were also identified in the chromosome of S. frigidimarina NCIMB 400 (Fig. 3) , ca. 48 kb apart from each other, indicating that the duplication of this structure in its chromosome was stable. In addition, to the best of our knowledge, this is the first identification of two copies of qnrS2 existing in one bacterial chromosome.
Two copies of the antimicrobial resistance gene maintaining in one bacterial chromosome have been reported in a few cases. Except the sul1 (sulphonamide resistance) gene as one part of class I integron, the antimicrobial resistance genes ARR-3 (rifampicin resistance), cat (chloramphenicol resistance), bla NDM-1 (carbapenem resistance), bleo (bleomycin resistance) and aphA6 (aminoglycoside resistance) have also been reported in bacterial chromosomes as two copies (Jovcic et al. 2013; Shen et al. 2016) . Amplification of antimicrobial resistance genes as a common adaptive mechanism in bacteria could be related to a gene dosage effect (Normark et al. 1977; Jovcic et al. 2013) .
In this study, different adjacent regions of qnrS2 were identified in two Pseudoalteromonas isolates. In P. marina strain E8, there are a Tn7-related gene complex and a putative integron located upstream of qnrS2, and a four-gene-composed novel structure (described above) located downstream. However, in P. carrageenovora strain S16, qnrS2 is inserted between two endonuclease genes. Neither transposon nor integron-related signature sequences were adjacent to qnrS2. Early reports demonstrated that mutation accumulation and frequent rearrangements could lead to the disruption of transposon signature patterns, and leave behind no trace of such genetic events that had occurred (Majumdar et al. 2011) . As a potential carrier of antimicrobial resistance genes, complicated gene integration and rearrangement are likely to take place in the chromosome of Pseudoalteromonas strains. Great distinctions in the genetic environments of qnrS2 in two Pseudoalteromonas strains potentially elucidate the complexity and diversity of mobile gene features associated with qnrS2, which needs more attentions in future investigations.
Identification of qnrS2 in Pseudoalteromonas and Shewanella isolates indicates that these bacterial species might be potential reservoirs of qnrS in seawater environment. Novel genetic contexts of qnrS2 identified in these isolates are not clinically relevant. More surveys in future should focus on the antibiotic resistance situations in marine environments, which will have important implications for the evolution and emergence of antibiotic resistance genes.
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